A hybrid soliton-based system: generation and steering of cavity solitons by means of 

photorefractive sohton electro-activation 
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We propose a hybrid sohton-based system consisting of a centrosymmetric photorefractive crys- 
tal, supporting photorefractive solitons, coupled to a vertical cavity surface emitting laser, sup- 
porting mult ist able cavity solitons. The composite nature of the system, which couples a propaga- 
tive/ conservative field dynamics to a stationary /dissipative one, allows to observe a more general 
and unified system phenomenology and to conceive novel photonic functionalities. The potential of 
the proposed hybrid system becomes clear when investigating the generation and control of cavity 
solitons by propagating a plane wave through electro-activated solitonic waveguides in the crystal. 
By changing the electro-activation voltage of the crystal, we prove that cavity solitons can be turned 
on and shifted with controlled velocity across the device section. The scheme can be exploited for 
applications to optical information encoding and processing. 



The study and application of self-confined structures in 
the coherent field of nonlinear optical systems (and in the 
media supporting them) is an extremely broad and mul- 
tidisciplinary field, wherein a widespread separation has 
consolidated between conservative and dissipative soli- 
tons. 

Conservative solitons in the largest majority occur as 
non-diffracting beams propagating through a medium. 
They are thus intrinsically transitory states in the hosting 
device, but their intrinsic properties make them quite 
appealing information carriers, as they have been proved 
to be steerable, to interact in pairs or in clusters, with 
variegated modalities according to mutual phases; in fact 
logical gates, switches and so on have been proposed and 
demonstrated across several classes of optical systems [1]. 

On the other side, dissipative solitons occur as self- 
localized states in out-of-equilibrium, open systems and 
are often associated with localization of patterned states 
which are stationary regimes of the optical system sup- 
porting them 0, In particular, cavity solitons (CSs) 
have been predicted and observed in broad-area systems 
where feedback, nonlinearity and dissipation/gain concur 
in generating localization ofpatterned states coexisting 
with homogeneous ones [3, 'a]. They are thus intrinsi- 
cally persistent, independent, bistable structures whose 
field profile appears as intensity peaks which act as indi- 
vidually addressable units of information. Moreover, CSs 
can be set in motion and steered in the cross section of 
the device by means of phase or intensity modulations en- 
coded in the spatial profile of an external holding beam, 
with speed proportional to the gradient. This property 
is interpreted in terms of Goldstone mode activation^ dj[ie 
to translational symmetry breaking in the system 



Such properties allow to achieve manipulation of CSs, 
such as writing/erasing, shifting and applications to e.g. 
all-optical delay line and optical data processing [l, [ol . 

In this letter, we propose a hybrid soliton-based sys- 
tem coupling a conservative optical system exhibiting 
propagative solitons (namely a photorefractive crystal 
(PRC)) [10, 11] to a dissipative one where CSs are gen- 
erated (namely a broad-area vertical cavity surface emit- 
ting laser (VCSEL)) [iMi]. The hybrid soliton-based 
system can provide the key to observe a more general 
and unified phenomenology with fascinating and useful 
properties that can be not simply the sum of the prop- 
erties of the constituent parts. In order to display the 
potentials of the system, we show how the two elements 
can be interfaced at the same wavelength, with opera- 
tional intensities achievable in both stages, so that the 
light propagating in the PRC solitonic waveguides drives 
the CSs in the broad-area VCSEL. We prove that cav- 
ity soliton addressing and switching, steering and de- 
terministically delayed detection can be achieved with 
considerable simplification with respect to usual optical 
control where a complex setup for pulse shaping and in- 

f^tion was required as well as a slow light modulator 
[gj. Here, due to the possibility of using fast electro- 
activation (on the scale of tens of nanoseconds) [ll. 15| 
of the centrosymmetric photorefractive crystal, one can 
exploit at the same time the persistence, bist ability and 
plasticity of the semiconductor-based CSs. We believe 
that the fundamental step of proving the possibility and 
benefit of bridging the two worlds of propagating and 
stationary solitons (and the more fundamental realms of 
conservative and dissipative optical systems) may open 
the path to optical information manipulation in hybrid 
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systems, where the bonuses of both constituting stages 
are compounded. To the best of our knowledge a similar 
hybridization was previously proposed only in Ref . [l6| , 
where a broad- area VCSEL was coupled to an external 
feedback cavity containing a PRC with an optically in- 
duced photonic lattice, which acts as a tunable filter to 
suppress unwanted spatial modes, whereas in our scheme 
a modulation of the crystal's refractive index is intro- 
duced to break the translational symmetry of the system. 

More precisely, the compact hybrid conservative- 
dissipative system we consider is realized by placing a 
centrosymmetric PRC supporting photorefractive soli- 
tons in front of a broad-area VCSEL where CSs are gener- 
ated, as sketched in Fig.l. A monochromatic plane wave 
is launched through the PRC. By varying the voltage Ve 
applied to the PRC through electrodes ei and 62 a pre- 
viously "imprinted" photorefractive solitonic pattern is 
electro-activated and modulates the phase and intensity 
profile at the PRC exit. A proper choice of the plane 
wave amplitude and the electro-activation potential Ve 
allows for cavity soliton switch on and positioning in the 
VCSEL cross section. We suppose that (as e.g. in Ref. [9]) 
the motion can be monitored by a photodetector array 
which reads the VCSEL output. 

The system we consider is described by the equations of 
spatio-temporal field evolution and structure localization 



in a centrosymmetric PRC with bias [17|, Il8|, c oupled to 
those for a VCSEL with external driving [1^. In the 
PRC the change of the space charge density z, t) due 
to optical photo-excitation and spatial redistribution is 
given by the charge continuity equation 



dtp ■ 



-fiq 



(1) 



where V = {8^,3,), £(^^7) ^ ^i'^^)) = _V0 

is the space charge field and the quasi-electrostatic po- 
tential <p satisfies the Poisson equation = —p/{eo€r) 
where cq is the vacuum permittivity and is the relative 
static permittivity, and q are the electron mobility and 
charge, Kb is the Boltzmann constant and 
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\/{Q- xSf + 4xQ {Na/Na) - Q - xS 



(2) 



is the electron density, where Na and are the ac- 
ceptor and donor impurity density, respectively. Note 
that /3 is the rate of thermal excitation of electrons, 
7 is the electron-ionized trap recombination rate, S = 
l^p/{qNa), X = iNa/P, Q = l + |^Pi?/^6p, EpR{x,Z,t) 
is the slowly- varying amplitude of the optical electric field 
polarized along x (at wavelength Xpr) and is the am- 
plitude of the uniform background illumination. Further- 
more, the optical field dynamics is described by 
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where urr is the uniform background refractive index, 
kpR = ^ttupr/ XpR and g is the effective electro-optic co- 
efficient. The dynamical equations describing radiation- 
matter interaction in the VCSEL are jl4( 
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where Ev{x^ t) is the slowly- varying amplitude of the op- 
tical electric field polarized along x (at wavelength Ay) 
and scaled to the characteristic amplitude Eq^ Ej = 
Epr{x,z = LpR,t)/{EoVT), T = 1 - R where R is 
the mirror reflectivity, Tp is the photon decay time, 
is the cavity detuning between u = 27rc/Ay and the 
closest cavity resonance, C is the gain-to-loss ratio, a 
is the linewidth enhancement factor, N is the carri- 
ers density scaled to the transparency value A/'o, ky = 
27rny/Ay and ny is the background refractive index. 
The constant is associated with the saturation inten- 
sity Iq = eQcnvEl/2 = hujLANo/{4TeTC) where La is 
the length of the region filled by the active medium (gen- 
erally lo ^ 10 KW/cm^). In the carrier density equa- 
tion, Ip is the pump current, Tg is the carriers density 
decay time and we neglect radiative decay and diffusion. 
Here, we have chosen photorefractive parameters associ- 
ated with a crystal sample of potassium lithium tanta- 
late niobate (KLTN) at room temperature [isj and VC- 
SEL parameters associated to a single longitudinal mode 
GaAs-GaAlAs laser slightly below threshold [13, EH- Al- 
though the model in Ref.[lJ] is intrinsically suited for a 
2D device such as a VCSEL, we reduced it to one trans- 
verse dimension, because the VCSEL is coupled with a 
PRC where we have previously written a 11^ waveguide. 
In practice, this amounts to consider either a VCSEL 
that is coherently injected along a stripe or a rectangular 
VCSEL [20|. 

The proposed technique for obtaining the generation 
and the fast control of CSs consists of a two-stage process: 
(i) a writing phase at the active wavelength Xrr = 0.5 
/im, (ii) a read-out at the non-photorefractive wavelength 
XpR = Ay = 0.85 /im and consequently the generation 
and speed control of CSs by means of soliton electro- 
activation. 

The first phase (i) consists in 'writing' the charge 
distribution inside the crystal; here, oppositely charged 
solitonic waveguides are imprinted in the PRC. Note 
that, in this preliminary stage, the PRC is not coupled 
with the cavity so that the possible reflections from VC- 
SEL are absent. The 'writing' is obtained by launch- 
ing in the PRC a Gaussian beam Epr{x^z = 0,t) = 

£;5iioe"^'^"'^°^^^^'/^^^'\ where uq = 1.06, a = 6.1 /im, xq 
is the beam position. Optimally symmetric waveguides 
are obtained by periodically alternating the beam posi- 



plane wave 




FIG. 1. (Color on-line) Schematic of the proposed setup. A 
plane wave is launched through a centrosymmetric PRC in 
contact with a VCSEL where CSs are generated. The CSs 
location and drift velocity can be controlled by the applied 
voltage Ve{t) (through the electrodes ei and 62) and can be 
monitored by a detectors array (tagged with A,B,C and D). 



00 



(a) x10"^ 

Or 

-1 

-2 
-3 



C\J 



LU 



^ -40 -20 



...v =0 V 

e 

— V =40 V 

e 

V =-40 M 

e 



(b)-40 -20 Ox(|im) 20 40 
2 




-4 


-2 


Ox(nm) 2 


4 







: 
















Ox(|Lim) 20 40 



tion xo{t) and the writing applied voltage Ve{t) as follows: 
one sets xq = 10 /im, 14 = 10 V for < t < To/2 and 
xo -10 /im, Ve -10 V for To/2 < t < Tq where 
the period To = 0.004r (r = '^e^Cr / {qPfi) is the dielectric 
relaxation time, generally it is of the order of minutes). 
The writing phase lasts 0.4r. 

The second phase (ii), where the PRC is coupled to the 
VCSEL, is the fast modulation of the refractive index of 
the crystal which creates a field landscape in the beam 
impinging onto the VCSEL, capable of controlling the 
cavity soliton. This is achieved by launching a monochro- 
matic plane wave with amplitude Epr{x,z = 0,t) = 
0.77 EqVt into the PRC. It propagates through the re- 
fractive index landscape created in the writing phase but 
is does not alter it since Ay = 0.85 jam is in the near- 
infrared where the crystal does not show any photore- 
fractive effect [21| (as a consequence the carrier density 
p does not change over time). The output field, orig- 
inally uniform, then acquires a modulation which can 
be controlled (as we show in the following) by varying 
the electro- activation voltage Ve{t). In Fig. 2, we plot 
the refractive index variation Sn (a), the phase ^pr (b) 
and the normalized modulus \Epr/{EoVT)\ (c) of the 
optical electric field at the PRC exit facet {z = Lrr) 
in the read out phase for the electro-activation poten- 
tial Ve = ±40 V and Ve = V. During propagation, 
the originally transversely uniform near-infrared wave at 
z = is focussed into the guiding structure and defo- 
cussed out of the antiguiding structure. Hence, as shown 
in Fig. 2(b) and Fig. 2(c), the solitonic waveguides electro- 
activation induces controllable local maxima and minima 
of the field profile at the crystal exit. Different biases will 
tailor different landscapes at the PRC exit facet and thus 
cause different, controllable effects on the VCSEL field. 
As reported e.g in Refs. [HI, [l^ there exist injected in- 
tensity ranges where a coherently driven VCSEL shows 



FIG. 2. (Color on-line) (a) Refractive index profile 6n, 
field phase ^pr (b) and dimensionless field amplitude 
\Epr/{EoVT)\ (c) dX z — LpR and during the read-out phase 
for Ve — OY (black dashed line), \4 = 40 V (grey solid line) 
and Ve = -40 V (black sohd hne). 



multistability between a transversely uniform low inten- 
sity configuration and CSs. Hence, by properly adjusting 
the electro-activation potential Ve and the amplitude of 
the plane wave, we reach the necessary intensity modu- 
lation at the predetermined position to switch on a cav- 
ity soliton. No addressing pulses are required, showing 
that electro-optical control of spatially distributed struc- 
tures can be achieved by acting on global parameters; 
this also allows to achieve a considerable simplification 
of the setup. 

The time plot in Fig. 3 shows the independent switch- 
on of two CSs. We inject into the VCSEL the field emerg- 
ing from the PRC in the case where the initial plane wave 
amplitude is Epr{x^z = 0,t) = 0.77T^oa/T with no bias 
{Ve = V; see black dashed lines in Fig. 2(b) and Fig. 
2(c)). In this case the slight modulation of the hold- 
ing beam phase and modulus is insufficient to generate a 
structure in the VCSEL. After 70 ns by setting Ve = 40 
V and consequently enhancing the holding beam modu- 
lation (see black solid line in Fig. 2(b) and Fig. 2(c)) a 
cavity soliton is switched on at xia = 14 /im. After 35 
ns we bring back to V the electro-activation potential 
and the cavity soliton persists, although it moves to the 
new equilibrium position of X2a = 32.4 /im. After further 
~ 210 ns, the potential is set to —40 V for the same du- 
ration as before and an independent cavity soliton now 
appears at xib = —7.5 /im. The new cavity soliton drifts 
to X2b = —26.3 /im where it remains stable when the volt- 
age is again set to V^ = V. The slight asymmetry with 
the other cavity soliton location reflects the asymmetry 
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FIG. 3. (Color on-line) Time plot showing the sequential 
and independent switch on of two stable CSs in two almost 
symmetric positions respect to the device center by means 
of photorefractive soliton electro- activation. The arrows indi- 
cate instants where Ve commutation occurs. In the inset we 
report the one-soliton transverse profile at steady state. 
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FIG. 4. (Color on-line) Average drift velocity Vav (black cir- 
cle) and arrival time at detector D Iad (red square) versus 
Ve*- Continuous lines represent fitting curves. 



of the two waveguides visible in Fig. 2(b). It is worth 
noting that the cavity soliton location at steady state is 
determined by both the phase and intensity gradients re- 
sulting at PRC exit. The effective control of CSs drift, 
via the tailoring of the plane wave profile by an electro- 
optically activated PRC, is proved further when the final 
value of the voltage V* at the PRC is not set to zero 
after cavity soliton excitation, but kept at a moderate 
value ranging from V* = 0.01 V to = 1.05 V. In this 
case a slight intensity and phase modulation of the wave 
driving the VCSEL is capable of changing the final loca- 
tion of the cavity soliton, which ranges from 26 /im to 32 
/im for e.g. the right one. 

Finally, we demonstrated that the capability of the hy- 



brid device of modelling the refractive index profile in the 
PRC stage allows to control the CSs motion and in par- 
ticular its drift velocity. In our simulations, we monitored 
the passage times of the CSs (switched on at the location 
of detector A in our layout) across a fixed location (e.g. 
the one corresponding to detector D) when the final bias 
V* is kept at different constant values. We denote as Tad 
the time in which the cavity soliton reaches a detector D 
distant 11 /im from A (see Fig. 4). The corresponding 
average velocity Vav = 11 fim/tAD is also plotted in the 
figure where it is evident that it depends linearly on 
and it has a maximum value of ~ 1 /im/ns in excellent 
agreement with theoretical and experimental evidences 
obtained with optical gradient modelling reported in ear- 
lier literature [9|. Thus, once the slow writing phase has 
been accomplished, the CSs can be detected with con- 
trolled delay by separate detectors. The CSs control can 
be performed by fast bias control and does not require 
slow phase profiling or complex set-up for collimation of 
addressing pulses. 

In conclusion, we investigate a composite soliton-based 
physical system which bridges propagative (conservative) 
photorefractive field dynamics to its bistable (dissipa- 
tive) counterpart in a microlaser. We provide a proof- 
of-principle demonstration of an original, high speed and 
integrated device for CSs generation and manipulation in 
a VCSEL through fast soliton electro-activation of a cen- 
trosymmetric PRC. It is worth noting that no addressing 
pulses are required, hence a considerable simplification of 
the setup is achieved. This scheme lends itself to all op- 
tical delay-line or signal buffering with a high potential 
for applications. Finally, we believe that the considered 
hybrid system can show fascinating and useful proper- 
ties due to the nontrivial interaction between photore- 
fractive solitons and CSs where either a photorefractive 
soliton controls cavity soliton (or viceversa a cavity soli- 
tons control a photorefractive soliton) or the CSs and 
photorefractive solitons are both capable of simultane- 
ously influencing each other. 
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